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ABSTRACT  
The mining industry faces concurrent pressures of reducing water use, energy consumption and greenhouse 
gas (GHG) emissions in coming years. However, the interactions between water and energy use, as well as 
GHG e missions have largely been neglected in modelling studies to date. In addition, investigations tend to 
focus on the unit operation scale, with little consideration of whole-of-site or regional scale effects. 
This paper presents an application of a hierarchical systems model (HSM) developed to represent water, 
energy and GHG emissions fluxes at scales ranging from the unit operation, to the site level, to the regional 
level. The model allows for the linkages between water use, energy use and GHG emissions to be examined 
in a fl exible and intuitive way, so that mine sites can predict energy and emissions impacts of water use 
reduction schemes and vice versa. This paper examines whether this approach can also be applied to the 
regional scale with multiple mine sites. 
The model is used to conduct a case study of several coal mines in the Bowen Basin, Australia, to compare  
the utility of centralised and decentralised mine water treatment schemes. The case study takes into account 
geographical factors (such as water pumping distances and elevations), economic factors (such as capital 
and operating cost curves for desalination treatment plants) and regional factors (such as regionally varying 
climates and associated variance in mine water volumes and quality). 
The case study results indicate that treatment of saline mine water incurs a trade-off between water and 
energy use in all cases. However, significant cost differences between centralised and decentralised 
schemes can be observed in a simple economic analysis. Further research will examine the possibility for 
deriving model up-scaling algorithms to reduce computational requirements. 
 
INTRODUCTION  
The mining industry faces concurrent pressures of reducing water use, energy consumption and greenhouse 
gas (GHG) emissions in coming years. However, the interactions between water and energy use, as well as 
GHG e missions have largely been neglected in modelling studies to date. In addition, investigations tend to 
focus on the unit operation scale, with little consideration of whole-of-site or regional scale effects. 
This paper presents an application of a hierarchical systems model (HSM) developed to represent water, 
energy and GHG emissions fl uxes at scales ranging from the unit operation, to the site level, to the regional 
level. The model allows for the linkages between water use, energy use and GHG emissions to be examined 
in a fl exible and intuitive way, so that mine sites can predict energy and emissions impacts of water use 
reduction schemes and vice versa. This paper examines whether this approach can also be applied to the 
regional scale with multiple mine sites. 
The model is used to conduct a case study of several coal mines in the Bowen Basin, Australia, to compare 
the utility of centralised and decentralised mine water treatment schemes. The case study takes into account 
geographical factors (such as water pumping distances and elevations), economic factors (such as capital 
and operating cost curves for desalination treatment plants) and regional factors (such as regionally varying 
climates and associated variance in mine water volumes and quality). 
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The case study results indicate that treatment of saline mine water incurs a trade-off between water and 
energy use in all cases. However, significant cost differences between centralised and decentralised 
schemes can be observed in a simple economic analysis. Further research will examine the possibility for 
deriving model up-scaling algorithms to reduce computational requirements. A brief summary of water and 
energy usage and GHG emissions generation consistent with the systems  modelling approach is given in 
the following sections. 
 
Water Use in Mining 
The technical aspects of mine water systems have been well described in previous work (Côte et al, 2010; 
Côte, Moran and Hedemann, 2007) and are not repeated in detail here. The essential feature of the systems 
modelling approach previously adopted is that the main uses of water on mine sites may be  grouped in 
several broad categories: 
• extraction of material, including drilling, blasting, digging and ventilation 
• transport of material, particularly between the point of extraction and the point of processing,  
including use of trucks and conveyors and associated dust suppression 
• processing of material, which involves separating saleable product from waste, including activities 
 such as crushing, grinding and separation. 
 
Water may be obtained from various sources (eg an external pipeline, on-site run-off, or groundwater infl ow)  
and may be distributed and reused through the site. A conceptual distinction is also made between ‘raw’  
water (that which is ‘new’ to site) and ‘worked’ water (that which has been involved in some mining process). 
 
Energy Use in Mining 
Energy is used in multiple stages in mining and minerals processing. Here, three broad categories for how 
energy is consumed on mine sites are used. These are (consistent with the previous water use 
categorisations): 
1. extraction of material 
2. transport of material 
3. processing of material. 
Comparatively little data is available on energy use (other than overall energy use) in Australian mining.  
However, studies from the USA (BCS Incorporated, 2007) provide reasonable data on the energy  
requirements of different mining processes; as well as the energy sources (for example, electricity, diesel  
fuel, or mining explosives) that power these processes, a selection of which is shown graphically in Figure 1.  
These data have been adopted in the modelling in this work. 
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<< INSERT FIGURE 1>> 
 
Greenhouse Gas Emissions in Mining 
Direct GHG emissions generally occur due to the consumption of energy to perform mining activities;  
however, there are also other types of emissions that occur simply due to the inherent physical and chemical 
properties of material on coal mining sites, as outlined in Table 1. In Australian coal mines, the majority of 
GHG emissions are generally due to fugitive emissions from coal seams (Day et al, 2010). 
 
<< INSERT TABLE 1>> 
 
Three ‘scopes’ are commonly used in GHG accounting (World Resources Institute and World Business 
Council for Sustainable Development, 2004): 
1. direct emissions from on-site activities such as processing emissions, consumed fuels and fugitive 
emissions  
2. indirect emissions used to generate the electricity used on-site 
3. indirect upstream and downstream emissions such as the embodied energy in extraction and 
processing of equipment. 
 
In this work we consider only Scope 1 and 2 emissions and consider only the emissions of the following  
GHGs: carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). The emissions of these GHGs are 
combined for reporting in terms of a single CO2-e metric, as required by Australian legislation and common  
practice globally.  
 
THE HIERARCHICAL SYSTEMS MODEL 
The HSM consists of a collection of basic components, which are connected by the user to form networks 
representing water, energy and emissions fl uxes through a system.Typically, the system of interest is a mine 
site; however, systems of arbitrary scale and complexity can be represented using the HSM. In this paper we 
present an extension from the typical mine site scale, to the larger regional scale. 
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Model Components 
The HSM represents water and energy interactions using six basic components: 
1. water inlets that represent water entering the system; 
2. water outlets that represent water leaving the system; 
3. energy/emissions inlets that represent energy and/or emissions entering the system; 
4. energy/emissions outlets that represent energy and/or emissions exiting the system; 
5. stores that represent where water is held within the system;  
6. tasks that represent where water and/or energy is used within the system. 
 
A typical implementation of the HSM at the mine site scale is shown in Figure 2. As per previous mine water 
systems models (Côte, Moran and Hedemann, 2007; Côte et al, 2010), a high level conceptual view of the 
mine water and energy interactions has been used. The various water storages on site are aggregated into 
two large storages (the Raw Store and Worked Store) based on the raw/worked water distinction previously 
discussed. In addition, the many activities that occur on site are aggregated into three tasks (mining, 
transport and processing), consistent with the breakdowns of water and energy use previously outlined. 
A detailed description of the technical operation of the model is beyond the scope of this paper; details can 
be found in a forthcoming article (Keir and Woodley, in prep).  
In general, stores and tasks can receive multiple inlets of water (representing processes such as catchment  
run-off, direct rainfall into storages/pits, external water allocations, water entrained in run-of-mine material, 
etc); while tasks can also receive multiple inputs of energy (representing grid electricity inputs, use of fuels 
such as diesel, use of explosives, etc) and emissions (representing emissions associated with the 
production/supply of energy sources). Stores and tasks can also provide multiple outlets of water 
(representing processes such as evaporation, discharge to the environment, distribution of water to tasks, 
return of water to external agents, etc); while tasks can also provide multiple outlets of energy (for example, 
returning energy produced on-site to the grid or other agents) and emissions (representing emissions to the 
atmosphere, either from the consumption of energy, or from processes such as fugitive emissions from coal 
seams). 
Tasks request water from stores or from directly connected inlets and specify both the fl ow rate required and 
the maximum inlet concentration (salinity) permissible for the operation of the task. The model allows for 
tasks to draw water from multiple sources and intelligently ‘mix’ these sources to achieve maximum water 
reuse while respecting individual task concentration limits (that is, if a task can draw from multiple sources of 
varying salinity, it will draw preferentially from the most saline sources first and mix in less saline water from 
other sources if necessary to maintain the salinity constraint). Tasks can also vary the quality of water  
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returned from the task outlet, to reflect processes such as coal washing.  
Tasks also request energy based on correlations from US industry data (BCS Incorporated, 2007) relative to 
the mine production rate; as well as producing emissions based upon the emissions characteristic of the 
energy sources needed for that particular task. Pumping energy requirements (and subsequent emissions) 
are also modelled using geographic distances between components (ie pipe lengths and elevation changes), 
using representative pump efficiencies and a set of heuristics designed to approximate the behaviour of 
engineered pumping systems. 
 
Model Aggregation and Complex Components 
One of the strengths of the object-oriented systems model approach is that the basic components discussed  
previously can be combined together to form templates for more complex components. On a mine site, two  
examples are: 
 
1. a tailings dam; which combines elements of a store, by storing mine tailings and entrained water and 
a  task, by requesting a certain tailings fl ow rate and associated energy for pumping of the tailings 
 
1. a water treatment plant (WTP); which combines several tasks to supply water through two 
connectors of different quality (a treated water connector and a concentrate connector). 
 
These complex components are realised by grouping basic components together to form a new component,  
as shown in Figure 3. 
 
<< INSERT FIGURE 3>> 
 
An extension of this approach is to consider an entire mine site as a complex component, which can be   
characterised by a set of parameters to distinguish different mines from one another. In this way, regional  
models containing multiple mine sites can be constructed, by construction of generic ‘mine’ components.  
Each mine component has a set of parameters which allow the properties of individual mines to be  
described, including production characteristics, storage volumes, catchment areas, geographic location and 
climate parameters. These generic mine components are then used to conduct a regional case study as 
described in the following section. 
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REGIONAL WATER TREATMENT CASE STUDY 
While worked water (that which has been used in mining processes) is abundant on many mine sites, it is 
often of substantially lower quality than raw water supplies. In particular, worked water on coal mine sites 
often contains high salt levels, which can limit opportunities for reuse or discharge of the worked water (eg 
Moran and Moore, 2005; Vink et al, 2009; Liu, Moran and Vink, 2011). Use of water treatment processes to 
improve the quality of worked water for reuse has hence been frequently discussed; though the relatively low 
cost of external raw water supply and relatively high energy costs in Australia means that water treatment 
and reuse is comparatively uneconomic. 
It has been suggested that reductions in the economic cost of water treatment for mining companies could 
potentially be achieved by the use of centralised WTPs, which could be shared between several mines, 
rather than separate WTPs on individual mine sites. This would allow sites to exploit economies of scale 
associated with energy use and therefore emissions generation of such WTPs. In this case study, two 
scenarios are considered: firstly, a decentralised treatment scenario where each site has its own treatment 
plant and secondly, a centralised treatment scenario, where all sites share a common treatment plant. 
 
Model Details 
In both scenarios, the HSM is used to model a subregion of the Bowen Basin in central Queensland, which 
provides a representative study area for the issues affecting the Australian coal mining industry at large. 
Three mine sites (denoted as Mine A, Mine B and Mine C) have been chosen from previous studies (Côte, 
Moran and Hedemann, 2007; Côte et al, 2010) to incorporate into the model. These mine sites, while using 
real site data, remain anonymised for confidentiality reasons. 
All three mines import water from a large regional dam. This arrangement has been chosen as a simplified 
illustrative portion of the larger, more complex overall water and energy supply network within the Bowen 
Basin. It is emphasised that this is a largely synthetic representation of the subregion; however, it still allows 
for the comparative effects of the decentralised versus centralised treatment scenarios to be evaluated. 
The regional model is constructed using the ‘aggregated component’ approach previously described. In this 
case, the components which describe a typical mine site are aggregated to form a mine component which 
can be incorporated into the regional network, as shown in Figure 4. The hierarchical modelling approach 
still allows users to ‘drill down’ into each individual mine component as necessary to analyse results, while 
presenting a simpler overall regional view. 
Model simulations have been performed using a continuous 30 year series of daily rainfall and evaporation 
data. Each mine site, as well as the regional dam, experiences distinct but correlated climates. This means 
that rainfall and evaporation data unique to each site are used, but over the same historical period to capture 
regional climate variation. 
 
<< INSERT FIGURE 4>> 
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Decentralised Treatment Scenario 
In the decentralised treatment scenario, each of the three mines construct a small WTP which locally treats 
worked water within the site and makes it available for local recycling. There is an upper limit on how much 
water can be treated per day for each of the three WTPs, set to 30 ML. If either the worked or raw store 
volume drops below a target level (set here at 40 per cent) then the mine draws water externally from the 
regional dam to maintain the target level. 
 
Centralised Treatment Scenario 
In the centralised treatment scenario, each mine can access a centralised water treatment facility, where a 
larger WTP is constructed outside the three mine sites, to which each mine sends worked water to be 
treated. Treated water is then redistributed back to the three mines on an as-needed basis, whenever the 
storage volume of the worked store drops below 40 per cent. As with the decentralised treatment scenario, if 
(after redistribution of the treated water) the storage volume of the raw store remains below 40 per cent then 
the mines receive water from the regional dam. The upper limit on how much water can be treated each day 
by the single external WTP is set to 90 ML. 
 
Water Treatment Plant Size/Cost/Energy Relationships 
The economies of scale associated with WTP size are accounted for by using data from the literature 
(Watson, Morin and Henthorne, 2003), based on fi gures for an electrodialysis reversal (EDR) process with a 
nominal feed water salinity of 5000 ppm. This is generally consistent with the historic average salinity of the 
worked water on the three mines. Cost curves showing the relationship between treatment plant size and 
operating and capital costs are shown in Figure 5 and Figure 6, respectively. 
 
<< INSERT FIGURE 5>> 
 
<< INSERT FIGURE 6>> 
 
Energy usage and corresponding cost of the WTPs was also approximated in a similar way, by 
disaggregating the reported proportion of cost due to electricity (Watson, Morin and Henthorne, 2003) and 
with knowledge of the reported electricity price, converting this back to a specifi c energy consumption, as 
shown in Figure 7. This is then multiplied by the current local electricity price (in this case study, 
$0.033/kWh). 
 
<< INSERT FIGURE 7>> 
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RESULTS AND DISCUSSION 
 
A large array of model outputs are available from the HSM in daily time series format. For example, a small 
section of time series output showing the variation in flow rate sent to each WTP for the decentralised case 
is shown in Figure 8. 
 
<< INSERT FIGURE 8>> 
 
For brevity, however, only a small summary of the model results is presented here. First, the average annual 
volume of feed water sent for treatment from each of the three mines is shown in Table 2. As expected, this 
is effectively the same for both centralised and decentralised scenarios. 
 
<< INSERT TABLE 2 >> 
 
However, due to the differences in efficiency of the WTPs, the energy consumption of the water treatment 
systems is significantly reduced for the centralised scenario, as shown in Table 3. This calculation includes 
pumping energy required to transport the worked mine water to each WTP. Despite the relatively long 
pumping distances incurred by the centralised scheme (each mine lies between 20 and 40 km from the 
central WTP), the relative efficiency improvement afforded by the larger WTP outweighs these energy costs. 
Considering energy required for water treatment only, the centralised scheme is approximately 18 per cent 
more efficient on a regional basis. 
 
<< INSERT TABLE 3 >> 
 
It is also useful to consider this reduction in terms of total energy consumption for the mines. As Table 4 
demonstrates, this reduction, while smaller considering the large energy requirements of these mines, is not 
insignificant. An overall reduction in energy use of four per cent is observed on a regional basis. 
 
<< INSERT TABLE 4 >> 
 
Considering GHG emissions, the situation is similar when water treatment is considered by itself, as shown 
in Table 5: an 18 per cent region-wide reduction in GHG emissions due to water treatment only. However, 
when examined in the context of overall GHG emissions from the mines, the reduction is much less 
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pronounced. As shown in Table 6, only a one per cent reduction is achieved; this is due to large GHG 
emissions from Mine C (an underground mine) due to fugitive emissions from the coal seam. 
 
<< INSERT TABLE 5 >> 
 
<< INSERT TABLE 6 >> 
 
The analysis, in terms of cost, is also instructive. Table 7 shows the average annual energy costs for the two 
scenarios, assuming a constant electricity price (an unlikely assumption, but sufficient for this analysis). 
Energy savings for individual mines in the centralised scenario range from $280 K to $390 K, which are not 
especially significant for operations of such scale. 
 
<< INSERT TABLE 7 >> 
 
However, considering both operating costs (shown in Table 8) and capital costs (shown in Table 9) for the 
two schemes shows a more significant cost differential. Assuming operating and capital expenses are 
apportioned to each mine in proportion of their volumetric contribution to the total of water treated, Mines A 
and B achieve operational savings of over a million dollars per annum under the centralised scenario. 
 
<< INSERT TABLE 8 >> 
 
<< INSERT TABLE 9 >> 
 
Overall capital expenditure for the centralised scenario (one 90 ML WTP at $118 M) is reduced compared to 
the decentralised scenario (three 30 ML WTPs amounting to $140 M). However, assuming pro-rata 
contributions to capital cost based on volumetric considerations means that Mines A and B also shoulder the 
majority of capital costs in the centralised scenario. 
 
Calculating equivalent annual costs inclusive of capital, energy and operating costs (shown in Table 10), 
however, reveals that on balance the centralised scheme remains the most attractive for all mines. Assuming 
equal operational lives of 30 years for all WTPs and cost of capital at ten per cent, the centralised scheme 
still offers a reduction in equivalent annual cost of seven per cent for Mine A, ten per cent for Mine B and 42 
per cent for Mine C (clearly this analysis depends on the pro-rata contribution to capital expense, though this 
appears a reasonable assumption). 
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<< INSERT TABLE 10  >> 
 
Considerations of the scenario analysis aside, there is a computational cost associated with the high level of 
granularity of the simulation approach. These regional simulations take several hours to run for the 30-year 
period on a typical desktop computer, which is significantly greater than a single mine simulation (in the 
order of minutes). Research efforts are underway to investigate model scaling approaches by which the 
essential behaviour of mine water and energy systems may be preserved at the regional scale, without 
excessive computational penalty. 
 
SUMMARY 
The HSM presented here provides an appropriate way to simulate various regional scenarios of water and 
energy usage and evaluate the feasibility of such scenarios. Model output can be examined at various 
spatial and temporal scales depending on the application and systems can be described at varying levels of 
detail according to the particular modelling need. 
The results here, while limited by some very approximate assumptions regarding cost and energy use of 
WTPs, provide some support for considering regional approaches beyond the individual mine site boundary 
to reduce energy usage and costs, as well as GHG emissions and subsequent expenses. It is again stressed 
that while this case study is considerably simplifi ed, there are no technical reasons why this approach 
could not be identifi ed for more systematic evaluation of realistic regional scenarios. This could be achieved 
by construction of a more detailed regional network representing the water and energy interactions at a more 
granular level; as well as the incorporation of more rigorous models for WPT treatment cost and energy 
usage. At the very least, such a model provides a preliminary method for investigating the feasibility of such 
schemes in a systematic way, before moving to more detailed conceptual and design considerations. 
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LIST OF TABLES 
 
TABLE 1 
Types of greenhouse gas emissions common on coal mining sites 
Emission type Description 
Explosives emissions Emissions caused by use of explosives in blasting for material extraction. 
Fuel emissions Emissions caused by the combustion of fuels, such as exhaust fumes from 
vehicles or onsite power generators. 
Burning of biomass Emissions caused by the on-site burning of vegetation; for example, after 
clearing of land. 
Fugitive emissions Any emissions that are released (intentionally or unintentionally) from coal 
seams such as through ventilation, degasification or leaks. 
Spontaneous combustion Emissions produced during the unintentional burning of stockpiled material. 
Low temperature 
oxidation 
Emissions that are produced by the oxidation of carbon on exposure to oxygen. 
 
TABLE 2 
Comparison of average annual feed water volumes delivered to WTPs 
Scenario Feed water (ML/yr) Total 
 
Mine 1 Mine 4 Mine 6 
 
Decentralised 5,936 5,496 2,154 13,587 
Centralised 5,936 5,490 2,159 13,585 
Difference 0 7 -5 2 
Ratio 0 0 0 1.00 
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TABLE 3 
Comparison of average annual energy expended by water treatment and pumping 
Scenario Treatment energy (TJ/yr) Total 
 
Mine 1 Mine 4 Mine 6 
 
Decentralised 266 249 113 628 
Centralised 227 205 83 515 
Difference 39 43 30 113 
Ratio 0.85 0.83 0.74 0.82 
 
TABLE 4 
Comparison of average annual energy expended by entire mines 
Scenario Total energy (TJ/yr) Total 
 
Mine 1 Mine 4 Mine 6 
 
Decentralised 1,124 856 720 2,700 
Centralised 1,085 812 690 2,587 
Difference 39 44 30 113 
Ratio 0.97 0.95 0.96 0.96 
 
TABLE 5 
Comparison of average annual GHG emissions due to water treatment only 
Scenario Treatment GHG emissions (t CO2-e/yr) Total 
 
Mine 1 Mine 4 Mine 6 
 
Decentralised 65,001 60,822 27,636 153,459 
Centralised 53,765 49,190 22,965 125,920 
Difference 11,236 11,631 4,671 55,078 
Ratio 0.83 0.81 0.83 0.82 
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TABLE 6 
Comparison of average annual GHG emissions attributable to entire mines 
Scenario Total GHG emissions (t CO2-e/yr) Total 
 
Mine 1 Mine 4 Mine 6 
 
Decentralised 278,305 211,303 1,426,007 1,915,615 
Centralised 267,083 199,614 1,421,304 1,888,000 
Difference 11,223 11,690 4,703 55,231 
Ratio 0.96 0.94 1.00 0.99 
 
TABLE 7 
Comparison of average annual cost of energy supply for WTPs 
Scenario Treatment energy cost ($M/yr) Total 
  Mine 1 Mine 4 Mine 6   
Decentralised 2.44 2.28 1.04 5.76 
Centralised 2.08 1.88 0.76 4.72 
Difference 0.36 0.39 0.28 1.03 
Ratio 0.85 0.83 0.74 0.82 
 
TABLE 8 
Comparison of average annual operating cost for WTPs 
Scenario Operating cost ($M/year) Total 
  Mine 1 Mine 4 Mine 6   
Decentralised 7.59 7.03 2.76 17.38 
Centralised 6.41 5.93 2.33 14.67 
Difference 1.18 1.10 0.42 2.71 
Ratio 0.84 0.84 0.85 0.84 
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TABLE 9 
Comparison of estimated capital cost for WTPs 
Scenario Capital cost ($M) Total 
  Mine 1 Mine 4 Mine 6   
Decentralised 46.7 46.7 46.7 140.2 
Centralised 51.7 47.8 18.8 118.4 
Difference -5.0 -1.1 27.9 21.8 
Ratio 1.11 1.02 0.40 0.84 
 
TABLE 10 
Comparison of equivalent annual cost for WTPs, including capital, operating, and energy costs 
Scenario Equivalent annual cost ($M/year) Total 
  Mine 1 Mine 4 Mine 6   
Decentralised 15.0 14.3 8.7 38.0 
Centralised 14.0 12.9 5.1 32.0 
Difference 1.0 1.4 3.7 6.1 
Ratio 0.93 0.90 0.58 0.84 
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FIG 1 – Energy usage breakdown for underground and open-cut coal mining sites based on US data (BCS 
Incorporated, 2007) 
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FIG 2 – Typical mine site model structure using HSM 
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FIG 3 – Example of aggregated component approach for describing tailings dam and treatment plant 
components 
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FIG 4 – Simplified view of regional water and energy network including aggregated ‘Mine’ component 
 
 
FIG 5 – Operating cost curve for EDR desalination plant with 5000 ppm feed water salinity (Watson, Morin 
and Henthorne, 2003) 
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FIG 6 – Capital cost curve for EDR desalination plant with 5000 ppm feed water salinity (Watson, Morin and 
Henthorne, 2003) 
 
 
FIG 7 – Specific energy consumption curve for EDR desalination plant with 5000 ppm feed water salinity 
(derived from Watson, Morin and Henthorne, 2003) 
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FIG 8 – Example of time series HSM output showing flows to WTPs for three mines in decentralised 
treatment scenario 
 
